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1. INTRODUCTION {#cam42678-sec-0001}
===============

The IKK (IκB kinase) family, whose members are key activators of the NF‐κB signaling pathway, plays an important role in the regulation of NF‐κB‐mediated inflammatory reactions, immune cell activation, and tumorigenesis. The IKK family mainly consists of five protein factors: IKKα, IKKβ, IKKγ (also known as NEMO), IKBKE, and TBK1. Recent studies demonstrated that IKBKE, as an IKK family protein factor, plays an important regulatory role not only in the activation of inflammatory factors and the progression of metabolic diseases and cellular immunity but also in the development of various malignant tumors.

IKBKE (IKKε, also known as IKK‐i) is a serine/threonine protein kinase belonging to the IKK family and has a molecular weight of 80 kDa. The IKBKE gene is located at 1q32 and has 22 exons. In 1999, Shimada et al[1](#cam42678-bib-0001){ref-type="ref"} first isolated a novel kinase called IKK‐i that was induced by LPS (lipopolysaccharide) in mouse macrophage cell lines using the SSH (suppression subtraction hybridization) technique. Furthermore, IKK‐i was found to be highly expressed in normal pancreatic tissue, thyroid tissue, spleen tissue, and peripheral blood leukocytes. IKBKE expression was upregulated by stimulation with LPS or other inflammatory cytokines, such as TNF‐α, IL‐1, IL‐6, and IFN‐γ. Subsequently, Peters et al[2](#cam42678-bib-0002){ref-type="ref"} discovered the new protein IKBKE induced by PMA (phorbol 12‐myristate 13‐acetate) and confirmed it as IKK‐i by analyzing its amino acid sequence, which is distinct from those of IKKα, IKKβ, and IKKγ. Nevertheless, determination of the amino acid sequence revealed 33% and 31% homology with IKKα and IKKβ, respectively, and 67% homology with TBK1 (TANK‐binding kinase 1),[3](#cam42678-bib-0003){ref-type="ref"} which has a similar HLH (helix‐loop‐helix) structure at the C‐terminal region of the protein and has an LZ (leucine zipper) domain similar to the middle region of IKBKE. Ikeda et al[4](#cam42678-bib-0004){ref-type="ref"} demonstrated that the adjacent kinase activity domain of IKBKE has a ULD (ubiquitin‐like domain) motif similar to IKKβ to maintain downstream kinase activity and to regulate downstream signaling. However, IKBKE lacks the NBD (NEMO‐binding domain) at the C terminus of the protein, unlike IKKα and IKKβ, and thus cannot form the IKK complex with IKKγ (NEMO) to induce activation of the NF‐κB signaling pathway.

The classical NF‐κB signaling pathway is triggered by a kinase complex that includes IKKα and IKKβ as catalytic subunits and the scaffold protein NEMO, which phosphorylates protein factors of the NF‐κB signaling pathway. Similar to IKKα and IKKβ, IKBKE and TBK1 are required to form kinase complexes with the help of scaffold proteins, including TANK (TNF receptor‐associated factor family member‐associated NF‐κB activator), NAP1 (NAK‐associated protein 1) and INTBAD (similar to NAP and TBK1 adaptor), to effectively stimulate their substrates.[5](#cam42678-bib-0005){ref-type="ref"}, [6](#cam42678-bib-0006){ref-type="ref"}, [7](#cam42678-bib-0007){ref-type="ref"} As a TRAF‐interacting protein, TANK (also known as I‐TRAF) synergizes with TRAF2[8](#cam42678-bib-0008){ref-type="ref"} and IKBKE/TBK1[9](#cam42678-bib-0009){ref-type="ref"} to trigger the NF‐κB signaling pathway. TANK could be regulated by the kinase complex, including TRAF3, and be phosphorylated by IKBKE/TBK1, thereby inducing IKBKE/TBK1‐mediated Lys^63^‐linked polyubiquitination and then activating downstream kinase complexes or pathways.[10](#cam42678-bib-0010){ref-type="ref"} Through analysis of the amino acid sequence, NAP1 was determined to share 28% homology with TANK. Fujita et al[11](#cam42678-bib-0011){ref-type="ref"} used an IP (immunoprecipitation) technique to demonstrate that NAP1 directly interacted with TBK1 and its family member IKBKE to form a protein kinase complex to effectively phosphorylate downstream factors of the NF‐κB signaling pathway, thus protecting cells from apoptosis by promoting NF‐κB activation. In contrast to TANK and NAP1, SINTBAD structurally binds to IKBKE/TBK1 but does not have kinase activity. Ryzhakov et al[12](#cam42678-bib-0012){ref-type="ref"} also demonstrated a conserved TBK1/IKBKE‐binding domain (TBD) in all three adaptor proteins, TANK, NAP1, and SINTBAD. In 2010, Koop et al[13](#cam42678-bib-0013){ref-type="ref"} identified two novel splice variants of human IKBKE and designated them IKKε‐sv1 and IKKε‐sv2. The gene encoding IKKε‐sv1 lacks exon 21, which leads to a deficiency of 25 amino acids at the C terminus. This mutation causes IKBKE to lose the ability to activate the downstream factor IRF‐3, but IKBKE keeps the capacity to stimulate the NF‐κB signaling pathway. The other mutation, IKKε‐sv2, which lacks exon 20, results in a 13 amino acid loss at its C terminus, thus leading to a deficiency in IRF‐3 stimulation and a loss of NF‐κB signaling pathway activation. These findings highlight that the C‐terminal region of IKBKE is required for the phosphorylation and activation of downstream molecules.[14](#cam42678-bib-0014){ref-type="ref"}

Previous studies have demonstrated that IKBKE/TBK1 is downstream of several factors or receptors, such as TLR3 (Toll‐like receptor 3), RIG‐1 (retinoic acid inducible gene 1), MDA5 (melanoma differentiation associated gene 5), and IFN‐β (interferon‐β). After viral infection and stimulation with double‐stranded RNA (dsRNA), IKBKE/TBK1 was activated, and it then phosphorylated the C‐terminal region of IRF‐3 and IRF‐7, thus triggering the formation of IRF‐3 or IRF‐7 homo‐ or heterodimers that could transplant into the nucleus to express targeted genes.[15](#cam42678-bib-0015){ref-type="ref"}, [16](#cam42678-bib-0016){ref-type="ref"}, [17](#cam42678-bib-0017){ref-type="ref"} Fujii et al[18](#cam42678-bib-0018){ref-type="ref"} used mass spectrometric analysis to demonstrate that Ser‐386, Ser‐396, and Ser‐402 sites of IRF‐3 were directly phosphorylated by activated IKBKE when innate immune cells were attached by virus, thereby promoting the transcription of related antiviral factors such as interferon type I.[19](#cam42678-bib-0019){ref-type="ref"}, [20](#cam42678-bib-0020){ref-type="ref"} Nevertheless, viral infection or dsRNA‐induced expression of IFN‐α and ‐β genes were intact in IKBKE‐deficient MEFs (mouse embryonic fibroblast cells).[17](#cam42678-bib-0017){ref-type="ref"} Meanwhile, McWhirter et al[21](#cam42678-bib-0021){ref-type="ref"} showed that TBK1 played a key role in the activation and nuclear translocation of IRF‐3 in MEF, considering that TBK1‐deficient mice were deprived of the expression of IRF‐3‐dependent genes such as IFN‐α, IFN‐β, and IP‐10.[20](#cam42678-bib-0020){ref-type="ref"}, [21](#cam42678-bib-0021){ref-type="ref"}, [22](#cam42678-bib-0022){ref-type="ref"} This phenomenon was probably because the content of IKBKE in MEFs is far less than that of TBK1. In other words, the expression discrepancy between TBK1 and IKBKE in MEFs may be a major rationale for this phenomenon.[22](#cam42678-bib-0022){ref-type="ref"} Interestingly, they also found that low IRF‐3 expression in TBK1‐deficient MEFs can be restored by implantation with wild‐type IKBKE instead of IKBKE mutants lacking kinase activity.[22](#cam42678-bib-0022){ref-type="ref"} This fact demonstrated the importance of IKBKE kinase activity in IRF‐3 activation. Besides, Siednienko et al[23](#cam42678-bib-0023){ref-type="ref"} demonstrated that a TLR (Toll‐like receptor) named MyD88 can inhibit IKBKE‐ but not TBK1‐induced activation of IRF‐3. This study provided insight into the mechanism discrepancy between IKBKE‐ and TBK1‐mediated induction of IRF‐3.

In recent years, an increasing number of studies have shown that the expression and regulation of IKBKE is not merely limited to the fields of innate immunity, inflammatory response, and metabolic diseases but that it also extends to the fields of oncogenesis, progression, transformation, and chemotherapeutic resistance of cancers.

2. THE REGULATORY ROLE OF IKBKE IN MALIGNANCIES {#cam42678-sec-0002}
===============================================

Recent studies have shown that IKBKE is highly expressed in a variety of malignant tumors (Table [1](#cam42678-tbl-0001){ref-type="table"}), and the difference in expression is related to the prognosis of patients. In most cases, high expression of IKBKE is associated with poor prognosis, but in a few cases, IKBKE may indicate a slightly better prognosis. Generally, IKBKE plays an important role in tumorigenesis, antichemotherapeutic properties, tumor metastasis and tumor microenvironment.

###### 

The expression of IKBKE in cancers

  Tumors                                Specimen type                  Methods                            Expression         References
  ------------------------------------- ------------------------------ ---------------------------------- ------------------ ----------------------------------------------
  Breast cancer                         Cell lines (n = 49)            Whole genome structural analyses   16.5% (8/49)       \[[25](#cam42678-bib-0025){ref-type="ref"}\]
  Breast cancer                         Primary specimens (n = 30)     Whole genome structural analyses   33.3% (10/30)      \[[25](#cam42678-bib-0025){ref-type="ref"}\]
  Glioma                                Primary specimens (n = 71)     ICH                                58.3% (58/71)      \[[30](#cam42678-bib-0030){ref-type="ref"}\]
  Glioma                                Primary specimens (n = 51)     ICH, WB                            88.2% (45/51)      \[[31](#cam42678-bib-0031){ref-type="ref"}\]
  Esophageal squamous cell carcinomas   Primary specimens (n = 58)     ICH                                84.5% (49/58)      \[[34](#cam42678-bib-0034){ref-type="ref"}\]
  Gastric cancer                        Primary specimens (n = 1107)   ICH                                13.6% (150/1107)   \[[35](#cam42678-bib-0035){ref-type="ref"}\]
  Hepatocellular carcinoma              Primary specimens (n = 222)    ICH                                90.1% (200/222)    \[[37](#cam42678-bib-0037){ref-type="ref"}\]
  Pancreatic ductal adenocarcinoma      Primary specimens (n = 78)     ICH                                64% (50/78)        \[[38](#cam42678-bib-0038){ref-type="ref"}\]
  Pancreatic ductal adenocarcinoma      Primary specimens (n = 21)     WB                                 81.0% (17/21)      \[[39](#cam42678-bib-0039){ref-type="ref"}\]
  Pancreatic ductal adenocarcinoma      Cell lines (n = 14)            WB                                 85.7% (12/14)      \[[39](#cam42678-bib-0039){ref-type="ref"}\]
  Ovarian cancer                        Primary specimens (n = 96)     WB, qPCR                           65.6% (63/96)      \[[45](#cam42678-bib-0045){ref-type="ref"}\]
  Ovarian cancer                        Cell lines (n = 14)            WB                                 78.6% (11/14)      \[[45](#cam42678-bib-0045){ref-type="ref"}\]
  Endometrial cancer                    Primary specimens (n = 52)     qRCR, gene expression analysis     meaningful         \[[47](#cam42678-bib-0047){ref-type="ref"}\]
  Prostate adenocarcinoma               Primary specimens (n = 107)    ICH                                71% (76/107)       \[[51](#cam42678-bib-0051){ref-type="ref"}\]
  Non‐small cell lung carcinoma         Primary specimens (n = 98)     ICH                                55.1% (54/98)      \[[54](#cam42678-bib-0054){ref-type="ref"}\]
  Squamous cell lung carcinoma          Primary specimens (n = 288)    ICH                                70.8% (204/288)    \[[55](#cam42678-bib-0055){ref-type="ref"}\]
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3. BREAST CANCER {#cam42678-sec-0003}
================

Eddy et al[24](#cam42678-bib-0024){ref-type="ref"} showed that IKBKE was highly expressed in human breast cancer specimens and several breast cancer cell lines, which hinted that IKBKE might regulate the growth of breast cancer in some ways. Boehm et al[25](#cam42678-bib-0025){ref-type="ref"} found that IKBKE was highly expressed in 30% of breast cancer specimens and 16.3% of breast cancer cell lines through analysis of integrative genomic approaches, thus first identifying IKBKE as a new oncogene in breast cancer. They also found that the tumor cell death rate was increased when they silenced IKBKE expression in breast cancer cell lines that harbor IKBKE amplifications, which highlighted the regulatory role of IKBKE in tumor cell proliferation. In addition, increased IKBKE expression was observed at the transcriptional and translational levels in numerous breast cancer cell lines and breast cancer specimens, but expression was not absolutely correlated with DNA copy number changes. This suggested that multiple mechanisms regulated IKBKE expression. Furthermore, Qin et al[26](#cam42678-bib-0026){ref-type="ref"} showed that IKBKE knockdown in human breast cancer cells using siRNA resulted in an obvious reduction of tumor cell proliferation, migration, and invasion. In addition, the tumor cell cycle was arrested at the G~0~/G~1~ phase after silencing IKBKE by flow cytometry analysis, while IKBKE knockdown did not seem to significantly affect apoptosis in breast cancer cells. Barbie et al[27](#cam42678-bib-0027){ref-type="ref"} found that IKBKE was overexpressed in breast cancer cell lines, including TNBC (triple‐negative breast cancer) cell lines that were negative for ER (estrogen receptor), PR (progesterone receptor), and HER2 (human epidermal growth factor receptor 2), and that knocking down IKBKE in TNBC cell lines decreased tumor cell proliferation and colony formation. Furthermore, treatment of IKBKE‐driven breast cancer cells with a potent inhibitor of TBK1/IKBKE and JAK signaling impaired proliferation and colony formation of TNBC cells, whereas inhibition of JAK alone did not, suggesting that IKBKE regulated tumor cell progression. Li et al[28](#cam42678-bib-0028){ref-type="ref"} demonstrated that IKBKE interacted with ER‐α36 (estrogen receptor‐α), a novel variant of ER‐α, and increased its expression in breast cancer cells, enhancing ER‐α36‐mediated mitogenic and nongenomic estrogen signaling. In addition, knocking down IKBKE also inhibited the proliferation of TNBC cells. Tang et al[29](#cam42678-bib-0029){ref-type="ref"} showed that the upregulation of IKBKE suppressed taxol‐induced apoptosis and led to increased resistance to taxol (paclitaxel). Moreover, the expression of IKBKE was positively correlated with T stage, lymph node metastasis, and clinical stage.

4. GLIOMA {#cam42678-sec-0004}
=========

Guan et al[30](#cam42678-bib-0030){ref-type="ref"} demonstrated that IKBKE was highly expressed in glioma cell lines and human primary glioma tissues at mRNA and protein levels but that IKBKE expression was not associated with the pathological grade of gliomas by ICH (immunohistochemical) analysis. They testified that the expression of IKBKE was closely associated with the apoptotic markers caspase‐3 and Bcl‐2. IKBKE knockdown in glioma cells decreased Bcl‐2 expression and promoted cleavage and activation of caspase‐3, which suggested that IKBKE induced glioma cell resistance to apoptosis. Subsequently, Li et al[31](#cam42678-bib-0031){ref-type="ref"} confirmed that the overexpression of IKBKE in gliomas was positively related to the grade of glioma by ICH analysis. Silencing of IKBKE in human glioma cells using siRNA showed significant inhibition of cell growth, migration, and invasion and arrested tumor cells at the G~0~/G~1~ phase. However, notable apoptosis was not observed. Furthermore, when nude mice were treated with IKBKE siRNA in vivo, the tumor growth of established subcutaneous gliomas was significantly attenuated. Lu et al[32](#cam42678-bib-0032){ref-type="ref"} also demonstrated that IKBKE promoted glioma cell proliferation, migration, invasion, and EMT (epithelial‐mesenchymal transition). A recent study also pointed out that IKBKE influenced glioblastoma chemosensitivity via the NF‐κB pathway.[33](#cam42678-bib-0033){ref-type="ref"} Collectively, these results suggest that the overexpression of IKBKE plays a critical role in the elevated proliferation and malignant invasion of glioma cells.

5. DIGESTIVE SYSTEM TUMOR {#cam42678-sec-0005}
=========================

Kang et al[34](#cam42678-bib-0034){ref-type="ref"} compared IKBKE expression in 58 esophageal squamous cell cancers and 58 normal paracancerous tissues by immunohistochemical staining and found that IKBKE was upregulated in 84% of cancer tissues and that an increased degree of IKBKE was not associated with tumor differentiation, depth of invasion or TNM stage. Lee et al[35](#cam42678-bib-0035){ref-type="ref"} analyzed the expression levels of IKBKE and TBK1 using tissue microarray samples obtained from 1107 gastric cancer patients and found upregulation of IKBKE in 150 samples (13.6%) and upregulation of TBK1 in 38 samples (3.4%). Furthermore, co‐upregulation of IKBKE and TBK1 was identified in 1.5% of cases. In addition, co‐upregulation of IKBKE and TBK1 was associated with differentiated intestinal histology and earlier T stage. In addition, the mean survival time of the IKBKE^+^/TBK1^+^ subgroup was better than that of the other groups, but the difference in prolonged survival time was not statistically significant, mainly due to the small number of patients. Subsequently, Geng et al[36](#cam42678-bib-0036){ref-type="ref"} testified that IKBKE was overexpressed in gastric cancer by immunohistochemical staining, which was correlated with more advanced disease and poor overall survival of patients. Silencing of IKBKE effectively suppressed the migratory and invasive capabilities of human gastric cancer cells in vitro and tumorigenicity and metastasis in vivo. To analyze IKBKE expression in HCC (hepatocellular carcinoma), Tang et al[37](#cam42678-bib-0037){ref-type="ref"} found that IKBKE expression was significantly increased in 200 of 222 HCC tissues compared with the adjacent normal tissues. In addition, high expression of IKBKE correlated with short overall survival. Colony formation in HCC cell lines was increased after transfection with IKBKE plasmids, indicating that IKBKE was related to the oncogenesis and progression of HCC. Cheng et al[38](#cam42678-bib-0038){ref-type="ref"} immunohistochemically evaluated IKBKE expression in 78 PDAC (pancreatic ductal adenocarcinoma) patients and found that IKBKE was overexpressed in 50 (64%) PDAC specimens. Moreover, they also discovered that patients with high expression of IKBKE had a significantly worse prognosis than low‐expression patients. Zubair et al[39](#cam42678-bib-0039){ref-type="ref"} demonstrated that silencing of IKBKE in PDAC cell lines inhibited the proliferation of tumor cells and the number of colony forming cells and reduced the glucose uptake of tumor cells. In the next experiments in vivo, IKBKE knockdown pancreatic cancer cells, compared with normal pancreatic cancer cells, not only reduced tumor volume but also decreased glucose uptake and suppressed tumor metastasis, suggesting that IKBKE played an important role in the progression of pancreatic cancer. Similarly, Rajurkar et al[40](#cam42678-bib-0040){ref-type="ref"}, [41](#cam42678-bib-0041){ref-type="ref"} reported that silencing of IKBKE inhibited PDAC cell proliferation and promoted PDAC apoptosis, thus suppressing the progression of PDAC in vitro. In an in vivo experiment, knockdown of IKBKE also inhibited the initiation and progression of pancreatic tumors in mice. Göktuna et al[42](#cam42678-bib-0042){ref-type="ref"} found that IKBKE promoted intestinal cell survival and established an inflammatory tumor microenvironment in CRC (colorectal cancer) upon constitutive Wnt activation. The antiapoptotic ability of IKBKE‐depleted cells was decreased after CRC cells were treated with the protease synthesis inhibitor CHX (cycloheximide). Furthermore, IKBKE‐deficient mice had longer survival in response to Wnt‐driven tumors, and this phenomenon was reversed by antibiotics, suggesting that IKBKE controlled the expression of intestinal antimicrobial factors upon constitutive Wnt signaling. Chen et al[43](#cam42678-bib-0043){ref-type="ref"} showed that IKBKE knockdown could inhibit the proliferative capacity of colorectal cancer cell lines. In a study of drug resistance, Zhao et al[44](#cam42678-bib-0044){ref-type="ref"} observed that IKBKE was highly expressed in VCR (vincristine)‐resistant colon cancer cells. Thus, IKBKE expression was considered to be associated with the resistance of colon cancer cells to VCR.

6. FEMALE REPRODUCTIVE SYSTEM TUMORS {#cam42678-sec-0006}
====================================

To explore the role of IKBKE in ovarian cancer, Guo et al[45](#cam42678-bib-0045){ref-type="ref"} demonstrated that IKBKE was significantly overexpressed and activated both in human ovarian cancer cell lines and primary tumors. Of the 96 ovarian cancer specimens examined, 63 had meaningful IKBKE overexpression at both the mRNA and protein levels. Moreover, IKBKE overexpression was associated with late stage, high grade, poor prognosis, and resistance to cisplatin, all of which suggested that IKBKE was a critical mediator of ovarian cancer progression and drug resistance. Hsu et al[46](#cam42678-bib-0046){ref-type="ref"} surveyed IKBKE expression in 42 primary ovarian carcinomas and 78 metastatic carcinomas. They found that cytoplasmic IKBKE expression was much higher in metastatic carcinomas than in primary carcinomas, and this change was not observed with IKKα and IKKβ. In an in vitro experiment, silencing of IKBKE slightly decreased growth and invasion in ovarian cancer cell lines. Consistently, human xenografts with IKBKE knocked down in mice demonstrated meaningfully decreased growth, aggressiveness, and metastasis. Taken together, IKBKE is a critical coordinator of progression, invasion, and metastasis in ovarian cancer. Colas et al[47](#cam42678-bib-0047){ref-type="ref"} analyzed 52 carcinoma samples using gene expression screening and found that IKBKE was overexpressed in EC (endometrial carcinoma).

7. MALE UROLOGICAL TUMORS {#cam42678-sec-0007}
=========================

Ghatalia et al[48](#cam42678-bib-0048){ref-type="ref"} reported that the expression of IKBKE was much higher in metastatic renal clear cell carcinoma tissues than in primary tumors using kinase gene expression profiling analysis. In addition, IKBKE overexpression in metastases was also identified by TCGA (The Cancer Genome Atlas) analysis, which indicated that IKBKE may play a role in the metastasis of renal clear cell carcinoma. Hildebrandt et al[49](#cam42678-bib-0049){ref-type="ref"} performed a systematic analysis of gene expression for 503 kinases in 93 tumor samples and adjacent normal tissues. They found that the lifespan of patients with high IKBKE expression was shorter than that of patients with low IKBKE expression. Peant et al[50](#cam42678-bib-0050){ref-type="ref"} reported that the overexpression of IKBKE in hormone‐sensitive prostate cancer cells could induce inflammatory cytokine secretion, such as IL‐6 and IL‐8. Knocking down IKBKE in these cell lines resulted in a significant decrease in IL‐6 secretion. These conclusions suggested that IKBKE supported tumor growth through favouring the chronic inflammation microenvironment, which was necessary for tumor development. Similarly, Seo et al[51](#cam42678-bib-0051){ref-type="ref"} analyzed the expression of IKBKE in 107 prostate adenocarcinoma tissues by immunohistochemistry and found that IKBKE was overexpressed in 70.1% of prostate cancers, which indicated that IKBKE might play a role in the tumorigenesis of prostate cancers. Subsequently, Peant et al[52](#cam42678-bib-0052){ref-type="ref"} performed IKBKE immunostaining on 62 hormone‐sensitive (HS) prostate tissues and 31 castration‐resistant (CR) prostate tissues. They observed that cytoplasmic IKBKE staining in HS tumors was higher than that in normal tissues and that cytoplasmic expression of IKBKE in CR tumor tissues was highest in all PC (prostate cancer) tissues. Furthermore, they observed a significant growth delay both in vitro in IKBKE‐silenced prostate cancer cell lines and in vivo in xenografted mice, and they also observed longer survival in IKBKE knockdown xenografted mice.[53](#cam42678-bib-0053){ref-type="ref"}

8. LUNG CANCER {#cam42678-sec-0008}
==============

Guo et al[54](#cam42678-bib-0054){ref-type="ref"} examined the expression of IKBKE in 98 NSCLC (non‐small cell lung cancer) samples and demonstrated that 54 tumor samples had elevated IKBKE expression by immunohistochemistry. In addition, smoking was found to be closely related to IKBKE overexpression owing to the two components of cigarettes, nicotine and nicotine‐derived nitrosamine, which were necessary to induce IKBKE expression. In addition, IKBKE was highly expressed in multiple NSCLC cell lines, and knockdown of IKBKE sensitized NSCLC cells to chemotherapy, suggesting that IKBKE might play a pivotal role in the tumorigenesis and drug resistance of NSCLC. Li et al[55](#cam42678-bib-0055){ref-type="ref"} analyzed IKBKE expression in 288 paraffin‐embedded squamous cell carcinomas of lung (SCCL) specimens. Among them, 204 specimens showed significantly upregulated IKBKE expression compared with that of normal bronchial epithelium. In addition, IKBKE expression in SCCL was significantly associated with smoking status, smoking index, degree of differentiation, and clinical stage. They also analyzed IKBKE mRNA expression by reverse transcription PCR in 66 SCCL specimens and indicated that the mRNA expression level was higher in SCCL than in normal bronchial epithelium. Moreover, the expression of IKBKE mRNA displayed an obvious upward trend with the smoking index. All these data suggested that IKBKE upregulation was positively associated with malignant transformation of human bronchial epithelial cells. Challa et al[56](#cam42678-bib-0056){ref-type="ref"} found high expression of IKBKE in several NSCLC cell lines and silencing of IKBKE decreased tumor cell proliferation, colony growth and invasion in vitro. Combining IKBKE small molecule inhibitors with MEK inhibitors significantly inhibited the xenograft tumor growth of NSCLC in vivo. Recently, Wang et al[57](#cam42678-bib-0057){ref-type="ref"} demonstrated that IKBKE+/TBK1+ co‐expression was significant in patients with risk factors and with a recurrent pattern of distant metastasis. Taken together, these findings indicate that IKBKE plays a pivotal role in tumorigenesis and the progression of NSCLC.

9. OTHER TUMORS {#cam42678-sec-0009}
===============

Zhang et al[58](#cam42678-bib-0058){ref-type="ref"} demonstrated that silencing of IKBKE significantly decreased proliferation and caused apoptosis of HTLV‐1 (human T‐cell leukemia virus type 1) transformed T lymphocytes. These results indicated a prosurvival role of IKBKE in HTLV‐1‐transformed T cells. Wang et al[59](#cam42678-bib-0059){ref-type="ref"} reported that IKBKE was implicated in inflammation‐driven tumorigenesis. They found that IKBKE was critically required for tumorigenesis by activating the NF‐κB pathway and that IKBKE expression was drastically upregulated in Kaposi sarcoma‐like lesions and that loss of IKBKE abolished tumor formation. Liu et al showed that IKBKE was overexpressed in AML (acute myeloid leukemia) through database analysis, but it was puzzling that patients with the 10% highest IKBKE expression or AML subtypes with the highest IKBKE expression showed significantly increased overall survival.[60](#cam42678-bib-0060){ref-type="ref"}

10. IKBKE IN DIVERSE SIGNALING PATHWAYS ASSOCIATED WITH MALIGNANCY {#cam42678-sec-0010}
==================================================================

IKBKE plays an important role in multiple signaling pathways, including NF‐κB, Akt, STAT (signal transducer and activator of transcription), Hippo and the Wnt/β‐catenin signaling pathways, and participates in the progression of tumors, inflammation‐driven cancer development, tumor microenvironment regulation and so on (Figure [1](#cam42678-fig-0001){ref-type="fig"}). Here, we highlight the association between IKBKE and multiple cytokines, miRNA, and signaling pathways in tumors.

![IKBKE played important role in multiple signaling pathways including NF‐κB, Akt, STAT, Hippo, and Wnt/β‐catenin signaling pathways to regulate cancer development](CAM4-9-247-g001){#cam42678-fig-0001}

11. IKBKE AND NF‐κB PATHWAYS {#cam42678-sec-0011}
============================

The cranial NF‐κB signaling pathway is mainly composed of NF‐κB factors and their inhibitors. There are five family member protein monomers: RelA/p65, RelB, c‐Rel, p50/p105, and p52/p100. They form homodimers or heterodimers to affect tumor functions. Under normal circumstances, the NF‐κB factors stay in the cytoplasm combined with IκB family members, such as IκBα, IκBβ, and IκBε, to form a protein complex, which results in NF‐κB retention in the cytoplasm and thus deprivation of transcriptional activation. When the microenvironment of tumor cells is changed to activate the NF‐κB pathway, the IKK (inhibitor of nuclear factor kappa‐B kinase) complex, mainly composed of IKKα, IKKβ, and IKKγ (NEMO), directly phosphorylates IκB family proteins, leading to its polyubiquitination and subsequent degradation in the cytoplasm, thereby releasing NF‐κB homodimers or heterodimers that localize to the nucleus where dimers can target DNA and induce gene translation.[61](#cam42678-bib-0061){ref-type="ref"}, [62](#cam42678-bib-0062){ref-type="ref"}, [63](#cam42678-bib-0063){ref-type="ref"} Early studies have shown that IKBKE could upregulate phosphorylated IκBα at the serine 32 site and serine 36 site to activate the NF‐κB pathway.[1](#cam42678-bib-0001){ref-type="ref"}, [2](#cam42678-bib-0002){ref-type="ref"} Harris et al[64](#cam42678-bib-0064){ref-type="ref"} showed that IKBKE directly phosphorylated the C‐terminal domain of c‐Rel and regulated the nuclear accumulation of c‐Rel to induce the NF‐κB signaling pathway, which was independent of the classical IKK/IκB pathway. In addition, Adli et al[65](#cam42678-bib-0065){ref-type="ref"} demonstrated that IKBKE was highly expressed in multiple cancer cells, directly phosphorylates p65 at the serine 536 site to enhance NF‐κB transactivation and then promoted the proliferation of cancer cells. Similarly, Buss et al[66](#cam42678-bib-0066){ref-type="ref"} achieved the same conclusion in their research. Recently, Wang et al[59](#cam42678-bib-0059){ref-type="ref"} certified that IKBKE promotes NF‐κB subunit RelA (also known as p65) phosphorylation at serine 468, which correlated with NF‐κB activation and inflammatory cytokine expression in Kaposi sarcoma.

In glioma, IKBKE promoted the translocation of NF‐κB transcription factors composed of a heterodimer of p50 and p65 subunits into the nucleus and initiated the transcription of downstream factors of the NF‐κB signaling pathway to accelerate the progression of glioma.[30](#cam42678-bib-0030){ref-type="ref"}, [31](#cam42678-bib-0031){ref-type="ref"} Zhang et al[33](#cam42678-bib-0033){ref-type="ref"} pointed out that PLK4 could directly phosphorylate IKBKE at Ser‐36 to sensitize it, thus activating the NF‐κB pathway to enhance glioblastoma chemotherapy resistance. For breast cancer, IKBKE also promoted the tumorigenesis and progression of tumors by activating the NF‐κB signaling pathway.[24](#cam42678-bib-0024){ref-type="ref"}, [26](#cam42678-bib-0026){ref-type="ref"}, [27](#cam42678-bib-0027){ref-type="ref"}, [67](#cam42678-bib-0067){ref-type="ref"}, [72](#cam42678-bib-0072){ref-type="ref"} Similarly, Shen et al[68](#cam42678-bib-0068){ref-type="ref"} demonstrated that IKBKE directly interacted with and phosphorylated TRAF2 (tumor necrosis factor receptor‐associated factor 2) at serine 11 and then promoted Lys63‐linked TRAF2 ubiquitination to recruit the canonical IKK complex and RIP1, thereby inducing NF‐κB activation and accelerating the malignant transformation of breast cancer cell lines. Recently, Zhou et al[69](#cam42678-bib-0069){ref-type="ref"} reported that the cIAP1/cIAP2/TRAF2 E3 ubiquitin ligase complex bound to and modified IKBKE by Lys63‐linked polyubiquitination of IKBKE at lysine 30 and lysine 401, which activated IKBKE and promoted its oncogenic functions through the NF‐κB pathway. Furthermore, Hutti et al[70](#cam42678-bib-0070){ref-type="ref"} identified that IKBKE directly phosphorylated an important tumor suppressor, CYLD (cylindromatosis), at the serine 418 site, thus decreasing the deubiquitinase activity of CYLD and decreasing the suppressive functions of TRAF2 and NEMO, which accelerated NF‐κB activity and promoted breast cancer malignant transformation. A recent study showed that IKBKE could directly phosphorylate RIPK1 in the TNFR1 signaling complex (TNFR1SC) to prevent TNF‐induced cell death independent of NEMO/IKKγ.[71](#cam42678-bib-0071){ref-type="ref"}

12. IKBKE‐ AND AKT‐ASSOCIATED PATHWAYS {#cam42678-sec-0012}
======================================

Xie et al[73](#cam42678-bib-0073){ref-type="ref"} demonstrated that IKBKE activated AKT by directly phosphorylating AKT at Ser473 and Thr308 and then accelerated the activation of the downstream signaling pathway and promoted the oncogenic function of IKBKE. Meanwhile, this research revealed that the activation of AKT induced by IKBKE required the involvement of PI3K (phosphatidylinositol‐3 kinase). Mahajan et al[74](#cam42678-bib-0074){ref-type="ref"} reported that the activation of AKT induced by IKBKE did not require the involvement of PI3K. Recently, Zubair et al[39](#cam42678-bib-0039){ref-type="ref"} demonstrated that IKBKE increased c‐Myc in a manner associated with enhanced signaling through an AKT/GSK3β/c‐Myc phosphorylation cascade that promoted c‐Myc nuclear translocation and then triggered the transcriptional activation of c‐Myc to increase glucose uptake, tumorigenesis and metastasis of PDAC cells. In breast cancer cell lines, Krishnamurthy et al[75](#cam42678-bib-0075){ref-type="ref"} found that AKT could regulate TNF‐dependent IKBKE expression levels. When AKT2 was knocked down, decreased TNF‐induced IKBKE expression was observed, whereas AKT2 overexpression increased IKBKE expression. Furthermore, they also demonstrated that IKBKE functions downstream of AKT2 to promote breast cancer cell survival. Rajurkar et al[40](#cam42678-bib-0040){ref-type="ref"} showed that IKBKE promoted the reactivation of AKT postinhibition of mTOR in PDAC (pancreatic ductal adenocarcinoma) cells. Furthermore, Guo et al[76](#cam42678-bib-0076){ref-type="ref"} reported that IKBKE regulated FOXO3a (forkhead box O3), the downstream AKT pathway, through direct phosphorylation of FOXO3a at serine 644 and then induced its degradation and nuclear‐cytoplasmic translocation. Previous studies had shown that Akt inhibited FOXO3a by phosphorylation of Ser32, Ser253, and Ser315.[77](#cam42678-bib-0077){ref-type="ref"} However, the activity of FOXO3a‐A3, which had three serine residues converted to alanine residues and could not be phosphorylated by Akt, was inhibited by IKBKE. After phosphorylation by IKBKE, FOXO3a was deprived of the ability to induce tumor cell apoptosis due to its retention and degradation in the cytoplasm, thus accelerating the progression of NSCLC and breast cancer cells.

13. IKBKE AND HIPPO PATHWAYS {#cam42678-sec-0013}
============================

The Hippo pathway mainly regulates cell proliferation, apoptosis, differentiation, and stemness in response to changes in the intracellular and extracellular microenvironment, including cell contact, cell polarity, mechanotransduction, and G‐protein‐coupled receptor (GPCR) signaling.[78](#cam42678-bib-0078){ref-type="ref"}, [79](#cam42678-bib-0079){ref-type="ref"} The core Hippo pathway is composed of a series of serine/threonine kinases, such as MST (mammalian Ste2‐like kinases), LATS (large tumor suppressor kinases), MOB (MOB kinase activator), and SAV (Salvador). Normally, the Hippo pathway is activated. MST directly phosphorylates and activates LATS with the help of SAV. Then, LATS directly phosphorylates and restricts the activity of two transcriptional co‐activators, YAP (Yes‐associated protein) and TAZ (transcriptional coactivator with PDZ binding motif). Phosphorylated YAP1 induced by LATS, mainly at the serine 127 site, is ubiquitinated by 14‐3‐3 and degrades in the cytoplasm.[80](#cam42678-bib-0080){ref-type="ref"} Recently, Lu et al[32](#cam42678-bib-0032){ref-type="ref"} discovered that IKBKE promoted the expression of YAP1 and TEAD2 (transcriptional enhancer activation domain 2), which are two important downstream factors of the Hippo pathway in glioma cell lines, thus accelerating the EMT (epithelial‐mesenchymal transition) of cancers. IKBKE could directly combine with YAP1 and TEAD2, which were detected by endogenous IP (immunoprecipitation). Zhang et al[81](#cam42678-bib-0081){ref-type="ref"} reported that IKBKE increased the expression of YAP1, promoted YAP1 translocation into the nucleus and decreased the expression of p‐YAP1 (Ser127), which was a degradative marker of YAP1, thereby promoting the progression of glioblastoma. Liu et al[82](#cam42678-bib-0082){ref-type="ref"} demonstrated that direct interaction of IKBKE with LATS induced degradation of LATS, thereby inhibiting the activity of the Hippo pathway and facilitating glioblastoma cell line development.

14. IKBKE AND STAT {#cam42678-sec-0014}
==================

Recently, Zhang et al[58](#cam42678-bib-0058){ref-type="ref"} demonstrated that IKBKE played an important role in maintaining the activity of STAT3 in lymphoma cell lines, thereby accelerating lymphoma growth and malignant progression. Interestingly, after silencing IKBKE, the expression levels of IKKα, IKKβ, p65, p50, p100, p52, and p‐p65 were negligibly changed, suggesting that IKBKE had no significant effect on the NF‐κB pathway in lymphoma. Similarly, Barbie et al[27](#cam42678-bib-0027){ref-type="ref"} confirmed that the overexpression of IKBKE was not only associated with NF‐κB activation by measuring the expression level of p‐p105 at Ser933 but also associated with the activation of STAT3 by analyzing the expression of p‐STAT3 at Thr705. They also confirmed that the activation of NF‐κB and STAT3 induced by IKBKE was associated with the expression of CCL5 (chemokine ligand 5) and promoted tumorigenicity and progression of breast cancer through these pathways. Guo et al[54](#cam42678-bib-0054){ref-type="ref"} confirmed that IKBKE was a direct downstream target of STAT3 through ChIP (chromatin immunoprecipitation) and luciferase reporter assay analysis. Meanwhile, overexpression of IKBKE induced by STAT increased chemoresistance in NSCLC (non‐small cell lung cancer) cells.

15. IKBKE AND EGFR {#cam42678-sec-0015}
==================

Williams et al[83](#cam42678-bib-0083){ref-type="ref"} identified a novel association between IKBKE and EGFR expression (*P* = .0011) using ICH (immunohistochemistry) analysis in breast cancer specimens, and knockdown of IKBKE using siRNA decreases the expression of EGFR. Challa et al[56](#cam42678-bib-0056){ref-type="ref"} testified that both wild‐type and mutant EGFR directly interacts with IKBKE, whereas only mutant EGFR, which tended to develop resistance to therapeutic EGFR inhibitors, phosphorylated IKBKE on Tyr153 and Tyr179 residues to promote proliferation and invasion of NSCLC in vitro and in vivo.

16. IKBKE‐ AND β‐CATENIN‐ASSOCIATED PATHWAYS {#cam42678-sec-0016}
============================================

Chen et al[43](#cam42678-bib-0043){ref-type="ref"} testified that IKBKE physically interacted with β‐catenin by co‐IP (co‐immunoprecipitation) and that IKBKE phosphorylated β‐catenin, probably at Ser680 and Ser681, to restrain its hyperactivation, thereby promoting colorectal cancer (CRC) cell proliferation. In addition, Göktuna et al[42](#cam42678-bib-0042){ref-type="ref"} discovered that IKBKE established a proinflammatory signature in the intestine upon constitutive Wnt signaling and that genetic ablation of IKBKE in β‐catenin‐driven models of intestinal cancer‐reduced tumor incidence and consequently extended survival. These results indicated that IKBKE influenced the β‐catenin‐associated pathway; however, the specific mechanism remained to be elucidated.

17. IKBKE AND MICRORNAs {#cam42678-sec-0017}
=======================

Since IKBKE has become an increasingly important therapeutic target for numerous malignancies, a series of microRNAs have been identified as vital regulators to control the expression of IKBKE, thus promoting tumor progression. Yuan et al[84](#cam42678-bib-0084){ref-type="ref"} testified through luciferase reporter assay analysis that miR‐let‐7b/i suppressed glioblastoma cell invasion and migration by targeting IKBKE to reduce IKBKE expression. Similarly, Zhang et al[81](#cam42678-bib-0081){ref-type="ref"} discovered that miR‐let‐7b/i could decrease the expression of IKBKE, while IKBKE also decreased the expression of miR‐let‐7b/i through inducing YAP1, thus forming a miR‐let‐7/IKBKE/YAP1 regulatory loop to regulate glioblastoma cell growth. Tang et al[37](#cam42678-bib-0037){ref-type="ref"} demonstrated that miR‐4458 targeted IKBKE to reduce its expression in human hepatocellular carcinoma to suppress cancer cell growth. Furthermore, Tang et al[29](#cam42678-bib-0029){ref-type="ref"} identified IKBKE as a direct target of miR‐16, and overexpression of miR‐16 promoted taxol‐induced cytotoxicity and apoptosis in breast cancer cells via decreasing IKBKE expression. Wu et al[67](#cam42678-bib-0067){ref-type="ref"} demonstrated that miR‐200b downregulates IKBKE expression via directly binding to its 3ʹ‐UTR, thus suppressing NF‐κB activation to inhibit cancer progression. A recent study also pointed out that miR‐155 could lower the expression of IKBKE.[70](#cam42678-bib-0070){ref-type="ref"}

18. IKBKE AND OTHER PATHWAYS {#cam42678-sec-0018}
============================

Li et al[28](#cam42678-bib-0028){ref-type="ref"} demonstrated that IKBKE interacted with ERα‐36, which lacks intrinsic transcriptional activity and, in contrast with ERα, mediated mainly nongenomic estrogen signaling; it also has increased expression in breast cancer cells. Then, ERα‐36 promoted cell proliferation through the MAPK/ERK pathway in ER‐negative breast cancers. Peant et al[53](#cam42678-bib-0053){ref-type="ref"} also confirmed that IKBKE overexpression induced NF‐κB‐independent stimulation of IL‐6 expression through the activation and nuclear translocation of transcription factor C/EBP‐β in prostate cancer cells. Meanwhile, Zhu et al[85](#cam42678-bib-0085){ref-type="ref"} showed that the upregulation of IKBKE promoted KRAS‐driven tumorigenesis and metastasis by regulating CCL5 and IL‐6 in NSCLC cell lines. Liu et al reported that IKBKE could phosphorylate YB‐1, an oncogenic gene regulator, and then increased its activity to enhance MYC gene transcription.[60](#cam42678-bib-0060){ref-type="ref"} Rajurkar et al[40](#cam42678-bib-0040){ref-type="ref"} demonstrated that the Gli transcription factor upregulated IKBKE expression at both the mRNA and protein levels, thereby increasing the activity of the NF‐κB pathway to maintain the transformation and survival of Kras‐induced pancreatic cancer cells. More recently, Rajurkar et al[41](#cam42678-bib-0041){ref-type="ref"} confirmed that IKBKE was co‐expressed with Gli and that IKBKE promoted the nuclear translocation of Gli as measured by immunofluorescence staining and western blotting. Li et al demonstrated that MEF2D, a member of the MEF2 family, could directly target the IKBKE promoter to control its translation to enhance tumor chemotherapeutic resistance in ovarian carcinoma.[86](#cam42678-bib-0086){ref-type="ref"} Cheng et al[87](#cam42678-bib-0087){ref-type="ref"} demonstrated that zinc finger protein (ZNF382), which functioned as a tumor suppressor, was methylated in multiple primary tumors, including nasopharyngeal, esophageal, colon, gastric, and breast cancers, thereby suppressing the NF‐κB pathway and AP‐1 signaling through downregulating IKBKE.

19. IKBKE: A NEW STRATEGIC THERAPEUTIC TARGET {#cam42678-sec-0019}
=============================================

As the regulatory mechanism of IKBKE in tumors has gradually been revealed in recent years, its critical role in tumorigenesis and development of malignant tumors has been increasingly recognized. The research of small molecule inhibitors targeting IKBKE has also become a hot topic.

Using an in vitro kinase assay, Zhu et al[85](#cam42678-bib-0085){ref-type="ref"} indicated that CYT387, a small molecule inhibitor, not only inhibits JAK/STAT signaling pathway activation but also inhibits IKBKE kinase activity. CYT387 significantly reduced tumorigenesis of NSCLC through interrupting the IKBKE‐induced autocrine cytokine feedback loop required for KRAS‐driven lung tumorigenesis. Furthermore, Barbie et al[27](#cam42678-bib-0027){ref-type="ref"} found that treatment of IKBKE‐driven breast cancer cells with CYT387, a potent inhibitor of TBK1/IKBKE and JAK signaling, reduced the proliferation and migration of TNBC cells, whereas inhibition of JAK alone does not. A combination of CTY387 with a MEK inhibitor is definitely an effective therapy for abrogating the growth of patient‐derived xenografts. In addition, Hu et al[88](#cam42678-bib-0088){ref-type="ref"} demonstrated that CYT387 was highly effective in combination with EGFR inhibitor against NSCLC tumors, particularly with EGFR inhibitor tumors that have intrinsic resistance. Liu also showed that CYT387 reduced the viability and clonogenicity of primary AML cells and demonstrated efficacy in a murine model of AML.[60](#cam42678-bib-0060){ref-type="ref"}

Recently, Li et al[89](#cam42678-bib-0089){ref-type="ref"} reviewed that targeting IKBKE with three TBK1/IKBKE dual inhibitors, including WO2009032861, SAR and Domainex, could powerfully inhibit cell viability and tumor development in human breast, prostate, and oral cancers both in vivo and in vitro. These inhibitors' anticancer functions were partially owing to their suppression of TBK1/IKBKE‐mediated AKT phosphorylation and VEGF (vascular endothelial cell growth factor) expression. Liu et al[90](#cam42678-bib-0090){ref-type="ref"} showed that MCCK1, a specific and effective IKKε inhibitor, enhanced the anticancer effect of temozolomide in glioblastoma, suggesting that IKKε was associated with chemotherapeutic resistance of glioblastoma.

In addition to these studies, emerging evidence has demonstrated that amlexanox, a small molecule regulator used to treat ulcers and asthma, can selectively inhibit IKBKE kinase activation through competing with IKBKE on the ATP‐binding site.[91](#cam42678-bib-0091){ref-type="ref"} Furthermore, Challa et al[56](#cam42678-bib-0056){ref-type="ref"} confirmed that combining amlexanox with the MEK inhibitor AZD6244 inhibits the in vivo growth of xenografted NSCLC cells targeting activating EGFR mutations, including EGFR^T790M^. IKBKE may be a direct target for reversing EGFR‐TKI‐resistance in NSCLC. In addition, Liu et al[82](#cam42678-bib-0082){ref-type="ref"} certified that amlexanox, as an IKBKE inhibitor, suppresses glioblastoma cell growth and development in vivo and in vitro. More recently, Cheng et al[92](#cam42678-bib-0092){ref-type="ref"} showed that amlexanox inhibits the mobility, migration, metastasis, and EMT of prostate tumors in vitro and in vivo by the IKBKE/TBK1/NF‐κB pathway.

20. CONCLUSIONS AND PERSPECTIVES {#cam42678-sec-0020}
================================

Recently, IKBKE was defined as a new oncogene in breast cancer and was subsequently found to be overexpressed in various kinds of tumors, including female reproductive system tumors, lung cancer (especially NSCLC), gastrointestinal tumors, male urological tumors and gliomas. Expanded research revealed that the tumorigenic functions of IKBKE were not limited to the NF‐κB signaling pathway but also extended to other signaling pathways, including AKT, STAT3, Hippo, and EGFR, mainly binding a large crosstalk network with numerous cytokines. Meanwhile, an increasing number of studies have suggested that the tumorigenic effect of IKBKE is related to its role in facilitating the secretion of associated inflammatory cytokines, thereby affecting the tumor microenvironment and accelerating tumor development.

Overall, IKBKE is closely related to tumorigenesis and the development of cancers. In addition, emerging evidence demonstrated that combining a small molecule inhibitor of IKBKE with other inhibitors suppresses the growth of xenografted tumor cells. In the future treatment of malignant tumors, IKBKE may be a therapeutic target and an important candidate for clinical evaluation.
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